The pig is a major species for livestock production and is also extensively used as the preferred model species for analyses of a wide range of human physiological functions and diseases 1 . The importance of the gut microbiota in complementing the physiology and genome of the host is now well recognized 2 . Knowledge of the functional interplay between the gut microbiota and host physiology in humans has been advanced by the human gut reference catalogue 3,4 . Thus, establishment of a comprehensive pig gut microbiome gene reference catalogue constitutes a logical continuation of the recently published pig genome 5 . By deep metagenome sequencing of faecal DNA from 287 pigs, we identified 7.7 million non-redundant genes representing 719 metagenomic species. Of the functional pathways found in the human catalogue, 96% are present in the pig catalogue, supporting the potential use of pigs for biomedical research. We show that sex, age and host genetics are likely to influence the pig gut microbiome. Analysis of the prevalence of antibiotic resistance genes demonstrated the effect of eliminating antibiotics from animal diets and thereby reducing the risk of spreading antibiotic resistance associated with farming systems. Domesticated pigs are a major food source worldwide and thus important in global food security, but large-scale pig farming faces environmental challenges. Increasing the understanding of the interaction between the gut microbiota and the host has the potential to facilitate knowledge-based development of sustainable pig production by increasing feed efficiency and general health in pig farming. Furthermore, the spread of antibiotic-resistant bacteria and genes is a matter of great global concern, with legislation and research in this area being important issues [6] [7] [8] [9] [10] [11] . Hence, an evaluation of the impact of prohibiting the use of antibiotics as growth promotants is needed.
The pig is a major species for livestock production and is also extensively used as the preferred model species for analyses of a wide range of human physiological functions and diseases 1 . The importance of the gut microbiota in complementing the physiology and genome of the host is now well recognized 2 .
Knowledge of the functional interplay between the gut microbiota and host physiology in humans has been advanced by the human gut reference catalogue 3, 4 . Thus, establishment of a comprehensive pig gut microbiome gene reference catalogue constitutes a logical continuation of the recently published pig genome 5 . By deep metagenome sequencing of faecal DNA from 287 pigs, we identified 7.7 million non-redundant genes representing 719 metagenomic species. Of the functional pathways found in the human catalogue, 96% are present in the pig catalogue, supporting the potential use of pigs for biomedical research. We show that sex, age and host genetics are likely to influence the pig gut microbiome. Analysis of the prevalence of antibiotic resistance genes demonstrated the effect of eliminating antibiotics from animal diets and thereby reducing the risk of spreading antibiotic resistance associated with farming systems. Domesticated pigs are a major food source worldwide and thus important in global food security, but large-scale pig farming faces environmental challenges. Increasing the understanding of the interaction between the gut microbiota and the host has the potential to facilitate knowledge-based development of sustainable pig production by increasing feed efficiency and general health in pig farming. Furthermore, the spread of antibiotic-resistant bacteria and genes is a matter of great global concern, with legislation and research in this area being important issues [6] [7] [8] [9] [10] [11] . Hence, an evaluation of the impact of prohibiting the use of antibiotics as growth promotants is needed.
Results
We collected 287 faecal samples from France (100 pigs), Denmark (100 pigs) and China (87 pigs), from 17 breeds or selected lines from 11 farms. The pigs varied in age, sex and antibiotic supplementation (Supplementary Table 1 ). Deep sequencing of faecal DNA samples generated 1,758 Gb of high-quality data with an average of 6.13 Gb per sample (Supplementary Table 2) , and allowed us to identify 7,685,872 non-redundant (NR) genes with an average N50 contig length of 1.89 kb (Supplementary Tables 2 and 3) . A rarefaction analysis including all samples revealed a curve approaching saturation (Fig. 1a) , and the chao2 index indicated that we had captured 99.9% of microbial genes in the samples. Half of the NR genes could be taxonomically classified. Of these, more than 98% could be assigned to the Bacteria super kingdom ( Supplementary Fig. 1 ), the remaining 2% being genes from archaea and eukaryotes. At the phylum level, most of the annotated genes (28.73%) belonged to Firmicutes, followed by Bacteroidetes (9.28%). Only 7.6% and 0.33% of the genes could be annotated to specific bacterial genera and species, respectively, reflecting the paucity of sequenced pig gut bacterial genomes. By contrast, 16.3% of genes of the integrated human reference catalogue could be assigned to a bacterial genus 4 . At the genus level, most of the annotated genes (1.90%) belonged to Prevotella, followed by Bacteroides (0.80%), Clostridium (0.79%), Ruminococcus (0.72%) and Eubacterium (0.51%). Of the 719 annotated metagenomic species (MGS), 497 MGS could be annotated to known bacteria, with the remaining 222 MGS representing hitherto unknown microbial entities. A total of 353 MGS could be assigned to a phylum, but only 33 and one could be assigned to a genus and a species, respectively ( Supplementary Fig. 1b) . Among the MGS, Prevotella was the bacterial genera to which most MGS (0.97%) could be annotated, followed by Ruminococcus (0.55%), Eubacterium (0.42%), Lactobacillus (0.42%) and Helicobacter (0.41%). Functional classification of annotated NR genes and MGS using KEGG ( Supplementary Fig. 2a ) and eggNOG ( Supplementary Fig. 2b ) revealed a predominance of pathways related to genetic information processing (replication and repair), metabolism (carbohydrates, amino acids and nucleotides) and to information processing (membrane transport). We identified a common set of 4,430 NR genes, 36 MGS and 3,463 related annotated functions shared by 100% of the 287 pig samples, suggesting the existence of a core of genes, species and functions in the gut microbiome in pigs (Fig. 1b and Supplementary Fig. 3 ). With a cutoff requiring that a core should be shared by 90% of the pigs, the common sets increased to 88,261 NR genes, 207 MGS and 4,542 KEGG orthology (KO) functions (Fig. 1b) .
The pig gut metagenome catalogue was compared to the mouse 12 and the integrated human 4 gut metagenome catalogues. The pig catalogue comprised more predicted genes than the mouse catalogue (184 samples), but fewer predicted genes compared to the integrated human gene catalogue (>1,200 samples) (Fig. 1a) . The pig metagenome exhibited a higher alpha diversity (Fig. 2a) than both the human and mouse microbiomes, and lower beta diversity than the human metagenome at the gene, genus and KO levels (Fig. 2b) . Gene richness, genus richness and KO richness in pigs were higher than those observed in humans and mice (Fig. 2c ). Based on a 90% inter-individual sharing within each animal species, a remarkably low percentage of the genes identified in the pig, human and mouse catalogues was shared by all three species (0.20% for pig, 0.19% for human and 0.58% for mouse). The pairwise overlap at the gene level was also modest (pig versus human, 985,734 genes; pig versus mouse 20,524 genes; and mouse versus human 143,375 genes) (Fig. 2d ), but was substantially higher for pigs and humans (9.49%) than for mice and humans (1.50%). At the functional level, a far larger proportion of KO functions was shared (3,157 KO identifiers, 66.2% of the total number) (Fig. 2e) , representing a functional core in the three mammals ( Supplementary Fig. 4 ). Among these were prominent metabolic functions (carbohydrates, amino acids, cofactors and vitamins, energy metabolism), information processing (membrane transport) and genetic information processing (replication and repair, translation and transcription) that largely correspond to housekeeping functions. Of the KO functional pathways identified in the pig gut metagenome, 78% are present in the human gut metagenome, whereas 96% of the KOs found in the human gut metagenome are present in the pig gut metagenome based on the taxonomically annotated NR genes, supporting the use of the pig as a model for functional studies on the role of the microbiome in health and disease.
To investigate the possible impact of host genetics on the gut microbiome, we selected Chinese female pigs representing six different breeds, but kept on the same farm and fed the same feed ( Fig. 3a and Supplementary Fig. 5 ). Using non-metric multidimensional scaling (NMDS), the samples separated into three distinct groups at the gene ( Fig. 3a) and MGS ( Supplementary Fig. 5d ) levels. One group comprised the commercial breeds Large White (LW), Binary mixed (HybCN1) and Tertiary mixed (HybCN2), and a second group comprised the native Chinese Bama minipigs and the BaRing pigs. Tibetan pigs, adapted to life at high altitudes 13 separated into a third distinct group (except for one outlier). At the KO level, the Tibetan pigs also clustered separately ( Supplementary Fig. 5e ). In the data presented in this letter, the maternal and breed effects are partly linked, because the animals from different breeds were not randomly mixed. However, our results suggest an influence of host genetics in shaping the composition of the gut microbiota 14 . More large-scale studies are required to confirm this notion.
To investigate the possible role of age, we used samples from the French and Danish pig sets sampled from 55 to 239 days of age. The analyses revealed an NMDS ordination according to age at the gene level for the French ( Danish male, female and castrated male pigs were used to evaluate how sex hormones influence the composition of the gut microbiota. NMDS showed a robust separation between co-housed male and female pigs (Fig. 3c ), but not between co-housed castrated males and females (Fig. 3d) . Consistently, very few differences were observed comparing castrated males with females (Supplementary Tables 4 and 5) . By comparing males and females, 25 genera, 41 species, 75 MGS and 498 KOs exhibited different relative abundances (Supplementary  Tables 6-8 ). At the KO functional level, the most highly represented pathways corresponded to ABC transporters, the ribosome and the phosphotransferase system (Supplementary Table 9 ). By contrast, only one KO function, representing polyketide synthase PksJ and including the gene encoding polyketide synthase 1/15, distinguished castrated males from females (Supplementary Table 5 ). Figure 1 | Rarefaction curves and shared metagenome among pigs. a, Rarefaction curves of the pig (pink), human (yellow) and mouse (grey) samples generated from the NR gene counts. The rarefaction curves drawn from the Chinese (CP red), French (FP blue) and Danish (DP green) pigs and from the whole set of 287 pigs confirm the complementarities of the three animal sets for providing good coverage of the gene catalogue of the pig gut microbiome. b, Number of shared microbiome features among pigs at different frequency thresholds for the number of genes (black), phyla (purple), genera (orange), species (brown), metagenomic species (MGS, blue), antibiotic resistance genes (ARGs, green) and KEGG pathways (red). The percentages of shared items and animals are represented on the y and x axes, respectively. The absolute numbers for each item are indicated at the intercept between the percentages of items and animals at the thresholds of 50, 90 and 100%. Fewer than 20% of genes (1,134,417 genes) were shared by 50% of the pigs, while about 90% of the KO functions (6,143) were shared by 50% of the pigs, suggesting redundancy of genes for similar functions.
We next quantified the relative abundances of antibiotic resistance genes (ARGs) in faecal DNA. The NMDS analysis separated the 287 pigs into two groups (Fig. 4a) . The first included all Chinese pigs that had been continuously fed low doses of antibiotics and consistently harboured higher abundances of ARGs (Fig. 4b) . The second group comprised Danish and French pigs (Supplementary Table 1 ) that were not fed antibiotics prophylactically. The separation of the Chinese pigs was maintained using total NR gene, MGS or KO function counts, suggesting clear effects of country-specific farm systems and antibiotic supplementation (Supplementary Fig. 7) . Administration of antibiotics in the feed was associated with a significant decrease in microbiota richness in the Chinese pigs (Fig. 1a) , as predicted 15 . Although both countries and farm systems were identified as confounding factors, several different ARGs are probably involved in the separation of the Chinese pigs from the French and Danish pigs. Indeed vancomycin and teicoplanin ARGs were found to be underrepresented in the Chinese pigs compared to French and Danish pigs (Fig. 4b) . The highest shared prevalence among all pigs was identified to comprise genes encoding resistance to bacitracin, cephalosporin, macrolide, streptogramin B and tetracycline (Fig. 4b) . Other ARGs such as genes encoding resistance to chloramphenicol, gentamycin B, kanamycin and neomycin were also present in all pigs but with a much lower abundance in the French and Danish pigs compared to the Chinese pigs (Fig. 4b) . In line with the present limited use of fluoroquinolones in European farms, fluoroquinolone resistance genes were not found in the microbiomes of French and Danish pigs.
An increase in the abundance of microbial functional genes related to energy production has been reported in antibiotics-fed pigs 16 . As major antibiotic classes (beta-lactams, aminoglycosides and quinolones) promote the generation of lethal hydroxyl radicals in both gram-negative and -positive bacteria due to increased tricarboxylic acid (TCA) cycle activity 17 , we quantified the abundance of bacterial TCA enzymes and compared those with the relative abundances of ARGs (Supplementary Fig. 8 ). The microbiomes of Chinese pigs Boxes denote the interquartile range (IQR) between the first and third quartiles (25th and 75th percentiles, respectively) and the line inside denotes the median. Whiskers denote the lowest and highest values within 1.5 times the IQR from the first and third quartiles, respectively. Circles denote outliers beyond the whiskers. d, Venn diagram of shared NR genes between the human (yellow), mouse (grey) and pig (pink) catalogues. Only 0.20% of the genes from the pig catalogue are present in the human and mouse catalogues, and the pig catalogue shares 12.82% of the genes with the human catalogue. e, Venn diagram of KO functions present in 90% of the individuals in each data set and shared by the human, mouse and pig catalogues. Based on taxonomically annotated NR genes assigned a KEGG function, 3,157 KEGG functions are shared by the pig, human and mouse catalogues, representing 69.3, 84.9 and 92.4% of the total KEGG functions of each catalogue, respectively. These data highlight the consistency of the gut microbiota at the functional level in these three mammalian species and also suggest a significant set of pig-specific KEGG functions.
showed a higher abundance of three TCA enzymes (that is, pyruvate dehydrogenase, succinyl-CoA synthetase and pyruvate carboxylase) compared to French and Danish pigs, resulting in a significant correlation (r = 0.95, P < 0.001) between the abundance of genes conferring resistance to beta-lactams and the abundance of the gene encoding the pyruvate dehydrogenase E1 component.
Discussion
The comprehensive gene catalogue reported here comprising 7,685,872 NR genes will serve as a reference resource for future metagenomicsbased studies. The comparison with human and mouse catalogues demonstrated that the overlap between the human and pig microbiome is modest at the gene level but high at the KO function level. Still, our results point to a closer similarity between pig and human gut microbiomes than between mouse and human gut microbiomes. We show how sex, age and host genetics are likely to influence the gut microbial communities and metabolic profiles. We report a common set of ARGs found in all pigs, regardless of the country of origin or supplementation with antibiotics. The use of antibiotics as growth promotants has been banned in Europe since 2006. It is noteworthy that our results demonstrate a higher load of ARGs in the Chinese pigs that are continuously fed antibiotics than in the Danish and French pigs, strongly indicating that elimination of antibiotics from animal feed is an efficient means to reduce the risk of ARG dissemination in relation to pig production. However, French and Danish pigs retained a wide range of ARGs, providing a picture of ARG reservoirs in non-antibiotic-fed pigs in France and Denmark. Globally, the significant ARG load in all pigs reflects the long-term persistence of ARGs, irrespective of current antibiotics use, and monitoring the prevalence of ARGs through the continuum of ecosystems, in line with the One Health Initiative, will be a valuable strategy to evaluate ARG loads in farm animals and pave the way for more sustainable farm systems 11 . Combined with the recently published pig genome, the pig gut gene catalogue will accelerate research that aims at deciphering the complex interactions between microbiota and hosts. Integration of phenotypic, genomic and metagenomic data will provide key biological information for future biomedical research, as well as in translational research towards more sustainable knowledge-based pig farming.
Methods
Faecal sample collection and DNA extraction. Fresh faeces were sampled at the rectum in 287 pigs of various ages and breeds, on different diets in French, Danish and Chinese farms (Supplementary Table 1 ), immediately frozen in liquid nitrogen or dry ice and stored at −80°C. DNA extractions were performed using 200 mg faeces per sample following the method reported by Qin et al.
3 except that cell lysis was performed by bead beating the samples twice for 30 s, with an incubation of 2 min on ice between beatings. The resulting concentrations of faecal DNA were measured by Nanodrop. DNA assembly and construction of the gene catalogue. Raw reads were filtered to remove adaptor contamination, low-quality reads with 'N' bases and host genomic DNA (NCBI accession no. NC_010443). An average of 2.1% of the raw reads corresponding to host (pig) genome DNA were removed. The remaining reads were referred to as high-quality reads. In total, we obtained 1,758 Gb high-quality data with an average of 6.13 Gb per sample. To construct a comprehensive pig gut microbial gene catalogue, we assembled the Illumina reads from each sample into longer contigs with the SOAPdenovo software (v1.06) 18 . A total of 73.7% of the reads were assembled into 32 million contigs with a length exceeding 500 bases, giving a total contig length of 45.7 Gb. To avoid errors generated during the assembly process, all the short reads were mapped back to the assembled contigs, whereupon single bases and indels were corrected according to the mapping depth. GeneMark (v2. Abundance profiles for the catalogue genes were co-abundance clustered using the canopy-clustering algorithm 25 . The combined results of two clustering rounds, one using 75% quantile profiles and the Pearson correlation coefficient and one using mean profiles and the Spearman correlation coefficient, were joined into a single set of MGS using 500 genes as the lower cutoff. The MGS set was checked and reduced for redundancy and filtered using a Spearman gene inclusion filter.
Ordination analysis. Different methods for ordination analysis implemented in the Vegan R package 26 were employed at the gene, MGS, KEGG, taxonomic (genus, phylum, species) and ARG levels. Dissimilarity between pairs of samples was defined using the Bray-Curtis dissimilarity index 27 and visualized using two-dimensional NMDS 28 .
Differential abundance analysis. Differential abundance analysis of the metagenomic data sets was performed based on a zero-inflated Gaussian mixture model implemented in the fitZig function of the metagenomeSeq R package 29 . Different models were implemented to correct for confounding covariates according to the specific data set as follow: y ijm = Country i + Sex j + e ijm where y ijm is the lth individual normalized record, country (three categories) and sex (three categories) are fixed effects and e ijm is the residual. This model was fitted taking into consideration the common environmental information (country and sex) for the whole data set (n = 287) and was applied to identified differential abundant MGS/KEGG and ARGs across countries. In all scenarios, correction for multiple testing was performed using the q value, and the cutoff of the differential abundance was set at q ≤ 0.05. Correlation between the abundance of ARGs and enzymes from the TCA cycle were determined throughout the entire data set (n = 287) and also by countries using the Spearman's rank correlation coefficient in R.
To identify the sex difference in the pig gut metagenome, we focused the analysis on two subsets of animals from the Danish samples. The first comparison included 25 pigs (11 males and 14 females), all from the same farm (Staersminde), the same breed (Landrace × Yorkshire) × Duroc and fed the same diet (Supplementary Table 1 ). In the second farm (Svindinge) comparisons of 20 pigs (10 females and 10 castrated males) from the same breed (Landrace × Yorkshire) × Duroc and on the same diet were included. Differential abundant genes or enzymes identified between sex were mapped on the KEGG metabolic pathways using the iPath2.0 tool 30 .
Data availability. Gut metagenome sequences have been deposited in the European Nucleotide Archive (ENA) under accession code PRJEB11755. The gene sequences and related profiles at gene and KO levels are released at GiGaDB (http://gigadb.org/ dataset/view/id/100187/token/F4CDHYruxobOKmsE).
